Abstract The role of indium (In) substitution in the dynamics of ferrimagnetism, structure and microstructure of yttrium iron garnet (YIG) employing sintering temperature as a temporary agent of composition and microstructural changes was examined closely and reported in this study. The nanoparticles of YIG powder samples with various In content (x = 0.0, 0.1, 0.2, 0.3, 0.4) were prepared via the mechanical alloying (MA) technique. A brief, yet revealing characterization of the samples was carried out by using a transmission electron microscopy, X-ray diffraction, Raman spectroscopy and scanning electron microscopy to analyse the structural and morphological properties, whereas B-H hysteresis graph and LCR-meter were used to measure the magnetic and thermo-magnetic behaviour respectively. The X-ray diffraction analysis of the samples prepared via the MA indicates the formation of single phase YIG structure at much lower sintering temperature than that in the conventional ceramic technique. The lattice constant increases as In content increases which obeys Vegard's law due to the larger In 3? ions replacing the smaller Fe 3? ions. The grain size also increased with In content, indicating that the In 3? ion acts as a grain growth promoter. The saturation induction increased reaching about 699.1 G for x = 0.3 and decreased with further In substitution. Three stages of ordered magnetism formation were identified which attributed to development of crystallinity and larger grains for magnetic domain accommodation. The Curie temperature shows a decrement of 60°C for In content changes from x = 0.0 to x = 0.4 due to weakening of superexchange interactions. Raman shifts from 268.1 to 272.2 cm -1 with increasing In content were observed due to stress developed in the YIG crystal structure. Possible mechanisms contribute to these properties are discussed in this paper.
Introduction
Polycrystalline pure and substituted ferrites is one of a technologically important soft ferrimagnetic materials and becomes a subject of interest from various high technological applications and physics point of view. Ferrite materials are insulating magnetic oxides which possess superior magnetic and electrical properties such as moderate permeability, high dc resistivity and low eddy current losses. These properties make ferrites as an important material to be used in high technological power and telecommunication applications. Garnet is an important type of ferrites which like spinel-structure ferrites, adopts an oxygen closed-packed cubic structure. It usually has a stoichiometric formula M 3 Fe 5 O 12 in which M can be trivalent Y or rare-earth ions such as Pm, Sm, Eu, Gd etc. Different from spinel ferrites which have incompletely filled cation sublattices, garnets have all existing octahedral and tetrahedral sites occupied with metallic cations. These cations arrangement contribute to the fact that garnets have an excellent structural and chemical stability [1] .
Yttrium iron garnet (YIG) is one of the most important garnets for microwave applications. Its high dc resistivity and small ferromagnetic resonance linewidth which corresponds to an extremely low microwave energy loss makes YIG the most sought after and versatile material among other rare earth garnets. Even many research has been done to many advanced material, it cannot be replaced by any other magnetic materials due to its remarkable magnetic and electrical properties besides high valence stability, and relatively inexpensive. YIG was chosen on the basis of its superior magnetic and electrical properties which could be useful in high frequency devices devices that require strong coupling to electromagnetically signals while experiencing low losses. Besides that, due to their intrinsic magnetism, these materials also provide nonreciprocal behaviour that is essential for many application in radar and communication systems, e.g., isolators, circulators, etc. [2] .
In fundamental study, YIG is an important material and is one of a unique systems for the study of ferromagnetic dynamics. The interest in the structural, microstructural and magnetic properties of YIG has been related to the fact that all these properties can be widely varied by dopant substitutions [3] [4] [5] . In most ferrite materials, the substituents ions play an important role in determining the variation of the physical properties [3] [4] [5] . Previous studies have shown that various magnetization values can be achieved by ion substitutions in the YIG crystal structure. Kim et al. [6] studied magnetic properties of Al 3? substituted YIG and found that the saturation magnetization and coercivity decreased. Cheng et al. [7] studied the effect of Nd substitution on the YIG crystal structure and reported that the saturation magnetization increased when x = 1 in Y 3-x Nd x Fe 5 O 12 but decreased with further increased of Nd from x = 1 to x = 2 which might be due to distortion in the YIG crystal structure. Magnetic properties of YIG originate from magnetic Fe 3? ions located in tetrahedral (d) and octahedral (a) coordinated symmetric sites and their interaction with surrounding oxygen ions. Ozgur et al. [8] reported that the strongest interaction of Fe 3? -O 2--Fe 3? occurs at an angle of 126.6°. In the garnet structure, substitution of cations with magnetic or non-magnetic ions will distort the crystal structure and the kinetics between Fe 3? and O 2-at the tetrahedral and octahedral sites, thus tailoring of desirable magnetic properties can be achieved. However, a limited number of studies have been found to deal with replacement of Fe 3? ions from their symmetric YIG sites by In 3? dopant ions. For that reason, our study involves substitution of the tetrahedral and octahedral Fe 3? ions by the In 3? ions which hopefully will enhance the magnetic dynamics. In our studies, the In 3? ions were chosen preferentially as a dopant element for the Fe 3? because they have some unique qualities that make them a perfect dopant in the YIG crystal structure. In fact, the In 3? ion is a diamagnetic ion with an ionic radius of 0.81 Å and initially its ion migrates to the tetrahedral d-sites [9] whereas the Fe 3? ion is a magnetic ion which contributes *5l B with an ionic radius of 0.67 Å . Interestingly, the tetrahedral and octahedral sites are capable of accommodating ions with 0.26-0.83 Å ionic radius [10] . Thus, the In 3? can replace the Fe 3? and this replacement can cause dramatic changes in the magnetic properties at various In dopant concentrations. In particular, In substitution will change the magnetic anisotropy and linewidth broadening of YIG as reported by Winkler and Hansen [11] . The crystal structure distortion caused by the dopant will enhances the magnetic dynamics of the garnets which is discussed in the Results and Discussion section in detail. Our investigations will also being deep-down supported by the revelation of the evolutions of the microstructure and its effect to the magnetic properties, especially from relatively low sintering temperature up to high sintering temperature. The desirable properties for specific applications can be enhanced by a proper control of extrinsic factors, particularly synthesis parameters, as well as substitution of dopants in the structure of YIG. Ferrites in nano scale dimension show fascinating and unusual properties compared to their bulk counterparts [1, 5, 6, 9] . This work represents an attempt to investigate the effect of In substitution to the YIG crystal structure besides to further explore the potential of the mechanical alloying (MA) technique to synthesize submicrometric/nanocrystalline garnet materials. It reports, for the first time, the synthesizing of YIG at various In concentrations and the evolution of microstructure-dependent magnetic properties at different sintering temperatures ranging from lower temperature of 600-1400°C.
Materials and methods

Synthesis of sample
The nanoparticles garnet series with composition Y 3 Fe 5-x In x O 12 (x = 0.0, 0.1, 0.2, 0.3 and 0.4) were prepared using the MA technique. Starting materials for preparation of the samples were high purity iron oxide (Fe 2 O 3 , 99.99 %, Alfa Aesar), yttrium oxide (Y 2 O 3 , 99.99 %, Alfa Aesar) and indium oxide (In 2 O 3 , 99.99 %, Alfa Aesar) without further purification. They were mixed according to their appropriate stoichiometric proportion using the following solid-state reaction:
Reaction milling of a mixture of elemental oxide raw materials was carried out in a SPEX D8000 dual-drive high energy mills. Specification of the milling system is provided in Table 1 . After 6 h of milling, the resultant powders were taken out from the vial to determine the progress of reaction and to obtain the final sample.
To prepare toroid samples, the resultant milled powders were mixed with organic binder polyvinyl alcohol (2 % by weight) and very few zinc stearate as a lubricant. The granulated powders were then sieved in a 150 lm-mesh sieve to control its particles size distribution. The sieved powders were then uniaxially pressed under a pressure of 3 tonne with dimension of *3 mm in thickness, outer diameter of *18 mm and inner diameter of *7 mm. Later on, the fabricated toroid samples were sintered in a boxtype furnace in an ambient air environment from 600 up to 1400°C with an increment of 100°C at a heating rate of 4°C/min for 10 h and subsequently slowly cooled in the furnace to room temperature.
Characterization of sample
The resultant milled particles were examined using a LEO 912AB Energy Filter Transmission Electron Microscope (TEM) for nanometer-size confirmation. The distribution of the particle size was obtained by estimating a meandiameter of at least 200 different particle images by using a J-Image software. The phase structure and crystallite sizes of the powder samples were investigated using a PANalytical EMPYREAN X-ray Diffractometer operating at 40 kV and 40 mA with Cu-Ka radiation (k = 1.54060 Å ) in the range of 20°-80°by a 2h scan mode and a 0.03°scan step at room temperature. The database of the JCPDS data was used for the interpretation of XRD spectra. The grain size was measured over 200 grains by using a J-Image software on the sample's micrographs observed from a Nova Nano 230 Field Emission Scanning Electron Microscope (FESEM). The vibrational phonon modes were determined by Raman spectroscopy using a WITec Alpha 300R 633 nm excitation laser. The B-H hysteresis curves of the samples were obtained by measuring the impedance of a coil wound around the toroid samples, with a soft magnetic materials automatic test system (MATS, MATS3010s, China) at room temperature under an applied magnetic field of 4000 A/m (*50 Oe). The Curie temperature was measured at 10 kHz using an Agilent 4284A LCR-meter with the sample placed in an oven as the temperature at which the sample's inductance, L, fell most sharply.
Results and discussion
Typical TEM micrographs of the Y 3 Fe 5-x In x O 12 with x = 0.0 and x = 0.4 are shown in Fig. 1 . The micrographs show sphere-morphological shape particles which favour the ceramic processing technique [1, 12] . In fact, it is well known that materials with a cubic crystal structure are prone to grow into a spherical shape to minimize surface tension [13] . The TEM micrographs also show that the particles are agglomerated even though a sonication process was done before the TEM characterization. These agglomerations might be due to the large surface area of the nanoparticles. The alloying and cold welding between the particles during the milling process also contributes to these agglomerations. However, this is a natural consequence of the MA technique products due to high impact velocity of the milling media to the particles. Table 2 . After 6 h of milling, nanosized particles in the range of 20-40 nm in average were obtained. The nanosized particle was desired in this evolution study in order to obtain high reactivity resultant particles. It is well known that many magnetic properties of ferrites are closely related to the microstructure. For instance, the shape of hysteresis loop, the coercivity, H c , and the initial magnetic permeability, l i , are not only determined by the intrinsic properties such as the magnetocrystalline anisotropy constant, K 1 , and the magnetostriction constant, v, but also by the microstructural parameters including grain size, pore size, defects and crystalline volume fraction. By using the nanosized particles, the evolution of the properties from disordered-toordered magnetism can be critically tracked, which cannot Ball-to-powder weight ratio 10: 1 be realized by using micron-sized particles. Furthermore, the high surface area coming from nanoparticle size results in high driving force and free energy; besides the reduced activation energy of the particles can trigger reaction between particles during heat treatment from the diffusion process [14] . Specifically, as the In concentration increased, the average particle size increased. This might be due to the substitution of Fe 3? ions by In 3? ions into the preferential sites in the YIG crystal lattice. Since the ionic radius of In 3? ions (0.81 Å ) is larger than that of Fe 3? ions (0.67 Å ), the substitution is expected to increase the particle size with increasing In for the concentrations studied. Moreover, with the substitution of In 3? ions, tetrahedral d-sites expand without distortion of the cubic crystal structure to accommodate larger In 3? ions by replacing Fe 3? ions [9] . As mentioned in the earlier section, In 3? ions initially prefer to migrate to the tetrahedral d-sites. Expansion of the tetrahedral d-sites induced perturbation on the neighbouring octahedral a-sites with increasing In concentration thus increasing the particle size of the samples. The histograms also reveal inhomogeneity in the particle size distributions. These inhomogeneous distributions are due to the non-uniformity of the high velocity impact of the milling media (steel balls and vial) to the powder particles during MA process. Figure 3 shows the characteristic part of XRD patterns of the undoped Y 3 Fe 5 O 12 nanoparticles. Through the XRD spectra, the evolution of crystalline and phase formation was investigated as a function of sintering temperature. Several scrutinizing observations were made: Firstly, the signature peaks of two starting raw materials i.e. iron oxide at 2h = 33.312°and yttrium oxide at 2h = 29.298°were evident for the powder sample before milling and could be indexed to JCPDS reference codes of 98-005-3678 and 98-005-0020 respectively. From the XRD pattern of the unmilled powder, it can be observed that the intensity of the main peak of yttrium oxide is much higher than that of iron oxide. It can be explained by the x-ray scattering factor, f. The scattering factor of an atom or an ion is equal to the number of its electron in the forward direction. In the other direction, f decreases as the quantity (sin h/k) increases [15] . The Y 3? ions have a higher scattering factor as compared to Fe 3? ions. Interestingly, the iron oxide and yttrium oxide peaks disappeared after 6 h of milling. This is caused by energy imparted by the collision of the milling media to the starting powder particles and leads to the amorphisation of iron oxide and yttrium oxide. By milling the powder, the rate of peak broadening for yttrium oxide is much higher than that of iron oxide, therefore yttrium oxide peaks cannot be observed in the spectra after milling. Note that Young modulus of iron oxide is 305 GPa whereas for yttrium oxide is 193 GPa which indicates that the hardness of iron oxide is higher than that of yttrium oxide. Thus, iron oxide shows more resistance to the mechanical energy which induced by milling and still retains some crystallinity after milling. Secondly, the peak position of iron oxide was shifted to a lower angle after milling which proves that the iron atoms formed a solid solution through reaction with yttrium by the existence of yttrium orthoferrite (JCPDS reference code: 98-003-6529). The MA facilitates fracturing and cold-welding crystalline starting particles to create new fresh interfaces, thereby generating high defect density particles which possess high free energy to such reaction [16] . Besides that, the peaks became fairly weak and broadened which indicates a reduction in the crystallite size. Thirdly, the XRD pattern also shows that the peak intensity for the crystalline phase increased consequent to higher and higher sintering temperature, suggesting that subsequent heat treatment on the milled particles overcomes the internal strain and stress induced during milling and increased the crystallinity of the samples. The XRD spectra also reveal the presence of the complete YIG phase at 1000°C which can be indexed to (400), (420), (422), (521), (532), (444), (640), (642), (800), (840), (842) and (664) planes of a cubic unit cell. All the peaks were matched with the theoretically generated one with no peak being left unindexed. This indicates that the final sintering temperature (1000°C) to completely obtain YIG phase prepared via the MA is lower than that in the conventional solid-state route which is normally 1300°C [17] . This can be explained on the basis mentioned earlier, where high reactivity nanoparticles prepared via the MA method possessed high surface area due to high surface-tovolume ratio, which results in high free energy to overcome the activation energy, thus reducing the final sintering temperature for complete YIG phase formation. The average grain size, D as tabulated in Table 3 shows an increment in its value with increasing sintering temperature. The heat treatment activates the transport of matter, leading to a higher number of contact points between the particles by formation of necks between the particles, enhancing the diffusion and evaporation-condensation of the matter on surfaces, thus results in increases of the average grain size. The understanding of the development of the grain is important because larger grain would ease the domain wall movements, which results in increases of magnetization. Generally, microstructural evolution caused by increasing sintering temperatures would influence the magnetic properties. Specifically, higher sintering temperature would produce larger grain size which makes it easier for magnetic domain walls to move, eliminate porosity in the system and diminish the number of grain boundaries which act as impediment to walls motion, resulting in higher magnetic permeability which corresponds to higher efficiency of a the magnetic material. XRD patterns show the formation of single phase garnet cubic structure without any impurity peak regardless of their In 3? concentration. The presence of In might not be seen in the XRD patterns due to the limitations of resolution of the XRD instrument in the minor In concentrations, but it would be interesting to analyse such presence using an electron microprobe as it could provide a quantitative information even on a minute concentration. The lattice constant, a, was calculated from the interplanar spacing d-values and the corresponding Miller indices (hkl) using the equation, [18, 19] . By sintering at higher and higher temperature, the a values increased linearly from 6.5985 to 12.3528 Å as can be seen in Table 3 . It is also observed that a increases from 12.3528 to 12.4092 Å as the In 3? concentration increases as shown in Table 4 which obeys Vegard's law. This can be related ion content would led to a slight growth of grains. This implies that In 3? ion is acting as slight accelerator of grain growth which led to reduction of porosity.
The average crystallite sizes of the nanoparticles calculated by Debye-Scherrer's formula, D = kk/Bcosh are listed in Table 2 based on the broadening of respective most intense peak in the XRD pattern [20] . h is the peak position, B is the linewidth broadening, k is the Cu-Ka wavelength = 1.54060 Å and k is the shape constant. Here, the constant k = 0.9 is related both to crystallite shape and the way in which B and D are defined. B is a contribution to XRD peak width due to small size of crystallites. The contribution must be separate out from measured peak width, B m which includes instrumental broadening, B i always present irrespective of particle size. For this reason, silicon powder has been used as a standard material under identical geometrical condition and its measured peak width (B i = 0.08°) was taken. The broadening parameter, B was calculated from relation:
From Table 2 , it is observed that the crystallite size estimated from the XRD Debye-Scherrer's equation is slightly larger than the particle size measured using the TEM. Interestingly, the two influences of In dopants are quite different. The evolution of the Bragg's peak broadening as a function of In concentration implies that the crystallite size decreases with In content. This result can be explained with the basis as follows. When In 3? ions substituting Fe 3? ions in the lattice of YIG, internal stress and strain will be induced in the lattice and consequently changing the lattice constant, a. The stress will hinders the crystallite growth, thus crystallite size of the samples doped with In 3? ions calculated using the Bragg's equation are smaller than that of pure YIG sample. Besides that, XRD gives information of crystalline region only and contribution from amorphous grain surface does not contributes. Therefore, by analyzing the particles via TEM and the crystallite size via XRD, one can have almost complete picture of the size, their distributions and morphology of the particles. It is noted that in Table 2 , the particle size values are consistently smaller than the corresponding XRD crystallite size values. This cannot be true since a TEM particle, in general, should be larger than an XRD crystallite contained by the particle or at least equal in size. The difference is understood to be arising from a possible large systematic error in positioning the J-image cursor to represent the TEM average particle size. However, although the TEM-XRD size comparison in Table 2 is not useful, the size changes of each quantitative size against In concentration still show the variation.
The structural evolution of the sintered Y 3 Fe 5 O 12 and Y 3 Fe 5-x In x O 12 samples with various In concentration (0.0 B x B 0.4) has been carried out by using a Raman scattering measurement. Figure 5 shows the Raman spectra evolution of undoped YIG in the 0-2700 cm -1 ranges at different sintering temperature. A broader Raman signature and some peak asymmetry can be observed at lower sintering temperature, for instance 600°C which might be due to the small grain size that hinders the phonon propagation. Hence, this will induces a Brillouin zone folding which makes all phonons Raman active. In fact, band broadening is intrinsic to many nanophase oxides materials [21] . A structural transition is observed between 900 and 1000°C. Below 900°C peaks other than YIG are observed. Although it is difficult to assign these peaks to a precise compound, they resemble very much to those of the stoichiometric powder mixture of iron oxide and yttrium oxide. In particular, the peak at 1320 cm 3 . Sintering at 900 and 1000°C does not lead to large structural differences as shown in the corresponding Raman spectra. However, it can be seen that the peak at 290 cm -1 in the sample sintered at 800°C shifts to 270 cm -1 at 900°C indicating that the remained Fe 2 O 3 is reacting to form YIG. However, it is not until 1000°C that the sintered sample fully transforms into YIG where the peak at 1300 cm -1 shifts to 1400 cm -1 . Figures 6 and 7 show the Raman spectra for the Y 3 Fe 5-x In x O 12 samples with various In concentrations of 0.1 B x B 0.4 at 1400°C sintering temperature which approaches the normal YIG structure. A close-look figure in Fig. 7 clearly shows that the introduction of In induced positive Raman shifts of about 2.1 cm -1 , showing that In is incorporated into the YIG structure. This considerable shift of the Raman active vibrational modes with In substitution can be explained in the basis of tensile stresses developed in the YIG crystal structure which thereby increases the lattice constant hence contributes to the Raman shifts. Besides that, from a macroscopic point of view, the observed shifts are probably due to the strong coupling of the oxygen atoms with In [22] .
The development of the B-H hysteresis loops at various sintering temperatures from 600 to 1400°C for the undoped Y 3 Fe 5 O 12 samples are shown in Fig. 8 . The evolution from disordered to ordered magnetism in the samples can clearly be seen in three stages of magnetic dominant behaviour formation, each depending on sintering temperature. The first stage, at lower sintering temperature from 600 to 800°C show linear looking and narrow-bulging loops which indicate an initial occurrence of the B-H hysteresis loop. It also indicates that the magnetization is almost zero, showing a very small amount of ordered magnetism in those samples. At this stage, very fine-sized grains contributes to the amorphous grain boundary phase which associated with paramagnetism behaviour in the samples. In paramagnetic phase, all magnetic moments were randomly oriented in the absence of superexchange interaction between the moments, resulting in negligible anisotropy field and vanishing hysteresis loop. Relating this behaviour to the XRD spectra in Fig. 2 , the peak in the samples sintered at 600°C were obviously observed which corresponds to the amorphous phase in the samples. At higher and higher sintering temperature, the peaks intensified and sharpened, which indicating a transformation from amorphous to crystalline phase, due to rearrangement of the particles and necking formation for the grain formations. Along with the paramagnetic phase is the superparamagnetic phase contributed by a nanosized ferromagnetic particles. This can be explained by the basis that that at 600°C, there was a presence of iron oxide in the sample. By further increase in the sintering temperature from 600 to 800°C yielded yttrium orthoferrite with increasing peak intensity. In fact, iron oxide and yttrium orthoferrites possess a weak ferromagnetic behaviour. The magnetic moment in the superparamagnetic particles will be randomly oriented in the absenced of magnetic field, it however, can follow the direction of the applied magnetic field but easily affected by thermal agitation due to its small particles size. However, an initial occurrence of hysteresis loops associated with some weak ferromagnetic behaviour contributes to the existence of the coercive field in the samples by yttrium orthoferrites and iron oxide phase. Therefore, the narrow bulging and linear looking hysteresis loops in the samples sintered from 600 to 800°C are associated with the dominant behaviour of disordered magnetism stage. Further increase of the sintering temperature between 900 and 1200°C produced an obviously slanted and wider B-H hysteresis loop which can be considered as the second stage of ordered magnetism formation. This van be explained on the basis of an increase of magnetic flux induction, B with applied field, H which proves the occurrence of ordered magnetism in the samples. Relating to the XRD spectra, at 900°C, there exists a significant amount of weak ferromagnetic yttrium orthoferrite with a large fraction of amorphous grain boundary phase. Further sintering at higher and higher temperature, the volume fraction of the crystalline grains was increased which have 
been proved by the intensification of the XRD peak intensity. Hence, more magnetic crystalline mass existed, thus exhibit more ordered ferromagnetism behaviour from increasing of sueprexchange interaction between moments. This associated with stronger ferromagnetism behaviour by contribution of the strong coercive and anisotropy field, arising from yttrium orthoferrite to the YIG phase transformation. Moreover, reduction of the number of grain boundary and porosity with increased of the grain size contributes to the decreased of demagnetizing field, thus resulting in a better and better-defined B-H loop shaped. By further sintering at 1300 and 1400°C, obvious erect, narrower and well-defined look of hysteresis loops can be observed. These observed loops are most probably due to the strong ferromagnetic behaviour, indicating diminished amorphous phase in the samples due to the high volume fraction of the complete crystalline YIG phase. Thus a strong interaction of magnetic moments within domains occurred due to exchange forces. This observed phenomenon can be considered as the third stage of formation of the ordered magnetism in the sample. In fact, in order to obtain an ordered magnetism and well-formed B-H hysteresis loop, there must exist significant domain formation, a sufficiently strong anisotropy field, H a , and optional addition contributions which come from defects such as grain boundaries and pores [1] . A further confirmation of this evolution can be seen from the variation of saturation induction, B s , remanence, B r , and coercivity, H c , as a function of sintering temperature in Table 3 . Figure 9 shows the H c of the Y 3 Fe 5 O 12 samples against the grain size, D. It can be observed that the H c increased with several particular grain sized, reached a maximum and then fell sharply with increasing grain size. The increasing variation of the H c values with increasing grain size were observed at the sintering temperature 600-1000°C. A maximum H c value is reached at sintering temperature of 1100°C. When the sintering temperature increased from 1200 to 1400°C, the value of H c decreased. According to a previous study by Inui and Ogasawara H c was found to be inversely proportional to the average grain size for multidomain state and vice versa for single-domain state. The maximum H c value indicates a critical grain size for the transition of single-to-multi-domain state [23] . It can be observed that H c of the samples is increased in the singledomain state, reaching a maximum at the critical size of the transition state, and decreased in the multi-domain state. The critical grain size for transition from single-to-multidomain state is 0.515 lm which occurred during the sintering temperature of 1100°C. Larger grain size consists of more domain walls, therefore contribution of domain wall movement to magnetization and demagnetization cycle Fig. 8 The B-H loop development and disordered to ordered magnetism formation of the pure Y 3 Fe 5 O 12 at various sintering temperatures Fig. 9 The coercivity of the Y 3 Fe 5 O 12 samples as a function of sintering temperature which requires lower energy than that of spin rotation increases. Thus, larger grains are expected to have lower H c . In the single-domain state size range, the instability of the single-domain magnetization increases with decreasing grain size, thus the anisotropy energy becomes less and less capable to withstand thermal agitation effects, resulting in large H c . At lower sintering temperatures which are associated with small grain size, the H c was governed by 2 mechanisms which are magnetocrystalline and shape anisotropy. At higher sintering temperature of 1100°C and above, the shape anisotropy diminished due to the welldeveloped crystalline grains and the strain-induced anisotropy existed which is due to the imperfection in the samples, where porosity, defect and inclusion can induced an internal stress inside the materials [14] . The magnetocrystalline anisotropy is still remained in the samples and not much affected by the grain size. In fact, H c represents the force required to bring the magnetization to zero and it is greatly dependent on microstructure, in particular on the grain size. The variation with grain size is also explained on the basis of domain structure, grain diameter and also the crystal anisotropy [24] . It is well known that magnetization occurs through the movement of domain walls and spin rotation, thus coercive force was obtained by reversal of the direction of the domain walls movement and spin rotation when magnetic field is applied. The larger the grain size, the greater is the probability of formation of domains, meanwhile in smaller grain size; the probability for spin rotation is higher.
The Curie temperature results of the undoped Y 3 Fe 5 O 12 samples at different sintering temperatures reflect that the Curie temperature of the overall samples remained relatively stable (272 ± 5°C) and unaffected by the microstructure evolutions, thus confirming its intrinsic character being dependent only on the crystal structure and compositional stoichiometry. The samples sintered from 600 to 800°C do not show any value of Curie temperature due to incomplete crystal structure and the paramagnetic phase dominance. The Curie temperature is defined by the vanishing of the spontaneous magnetization of the material which depends on the superexchange interactions and distribution of Fe 3? ions in octahedral and tetrahedral sites [25, 26] . It is also depends on the distance between those ions in both of the sites. Decrease in the distance of the ions lead to strengthened octahedral-tetrahedral sites interaction. Hence more thermal energy is required to offset the alignment of magnetic moments which causes an increase in the Curie temperature [27] . ions with lower concentration would occupy and replace ions concentration to x = 0.4, the B s starts to decrease. This may be due to the migration of the In 3? ions to the octahedral sublattices and dilution of the overall magnetic moment. Besides that, it may be most probably due to the magnetic disorder in the octahedral sites caused by the presence of diamagnetic In 3? ions and the formation of antiferromagnetic phase with garnet crystal structure [29] . Hence, the occupancy of the In 3? ions distorts the collinear arrangement of cubic YIG crystal structure and reduces the B s . However, the fraction of the antiferromagnetic phase cannot be detected through XRD due to its very minor concentration and limitation of the XRD resolution. Magnetization studies also show magnetization, M, increased with flux induction, B, and is inversely proportional with coercivity, H c , based on Brown's relation [30] :
where K 1 is the magnetocrystalline anisotropy constant and l o is the vacuum permeability. In fact, magnetization is mainly depends on spin rotation and domain wall movement. Table 4 clearly shows that the B s and H c are in inverse proportion. Higher the H c as indicated by lower B s is due to reduction of cubic magnetocrystalline anisotropy and this is consistent with our experimental results. Besides that, the increase in the H c may also be related to the presence of secondary phase which act as impediment to the domain wall movement. Figure 10 also shows a very narrow hysteresis curves, indicating a small area in the B-H loops which corresponds to the hysteresis loss, P h . This energy loss is manifested as heat that is generated during magnetization-demagnetization cycle. By increasing In concentration, the P h decreased due to magnetic anisotropy reduction. The Curie temperature variation of YIG with different In 3? ion concentrations is shown in ions, the magnetic moment in tetrahedral sublattices would be reduced and the net magnetic moment decreases thus reduces the Curie temperature consequently.
Conclusions
Detailed structural, microstructural and magnetic properties of In-substituted YIG have been successfully investigated. The Y 3 Fe 52x In x O 12 (0 B x B 0.4) nanoparticles were prepared by using the MA technique. All the investigated samples prepared using the MA technique exhibit single phase garnet structure at much lower sintering temperature than that of the conventional ceramic technique; due to the high-defect density particles which associated with high reactivity particles formed by the MA technique. The XRD spectra also showed that the garnet structure is maintained for the whole samples regardless of their In 3? ion concentration at particular sintering temperature. By increasing In concentration, the lattice constants were increased due to the larger In 3? ions replacing the smaller Fe 3? ions. The grain size also increased with In concentrations, indicating that the In ion acts as a grain growth accelerator. The Raman spectroscopy showed a structural positive Raman shift with increased of In 3? concentration in the substituted-YIG crystal structures which relating to the stress induced in the samples associated with the coupling between In and O in the structure. A scrutiny of the B-H hysteresis loop results showed a transition from disordered to ordered magnetism which belongs to three different magnetically dominant stages of formation. Four factors were found to strongly influence the ordered magnetism of the sample, namely the crystallinity degree of the phase, phase purity, number of grains with size larger than a critical diameter of single-to-multidomain state, and the number of large enough grains for magnetic order accommodation. The Curie temperature of undoped YIG remained relatively stable and unaffected by the microstructure evolutions due to sintering. It however decreased with increasing In 3? ion concentrations due to weakening of superexchange interactions. Further investigations of structural properties using other technique such as an electron microprobe, the Mossbauer spectroscopy and neutron diffraction magnetic measurements will be useful to enhance the understanding of the In 3? ions role in the YIG crystal structure.
